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Summary
Objective: Investigate the relationship between running induced joint loading at the knee, changes in cartilage volume and serum cartilage
oligomeric matrix protein (COMP) concentration.
Design: Serum COMP levels and knee cartilage volumes of experienced runners were tested before and after running. Joint loading was
determined using a biomechanical model of the lower extremity.
Background: To date no biomechanical rationale has been identiﬁed to explain the role of mechanical load in the aetiology of running injuries.
Methods: Blood samples and magnetic resonance imaging scans were taken before and following a 1 h training run. Knee cartilage volume
and serum COMP concentration were determined. Individual knee joint loading parameters were calculated from positional data and ground
reaction forces. Electromyography was employed to quantify activity of main muscle groups crossing the knee joint.
Results: Changes in cartilage volume and COMP showed signiﬁcant correlations. Net joint forces did not explain the differences in cartilage
changes. Multiple regression revealed that resting COMP, COMP change after exercise and the time of co-activation of ﬂexor and extensor
muscles explain the variance of cartilage volume changes.
Conclusions: Muscular co-activation was the main mechanical parameter related to cartilage changes. The current investigation elucidates the
interaction of factors related to cartilage degeneration on an individual basis. Applications to altered loading conditions such as equipment or
training methods offer an auspicious way of quantifying effects of interventions.
ª 2005 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Running is one of the most popular recreational activities in
western countries. Main motivational factors for regular
training are cardiovascular and general health beneﬁts,
whereas epidemiological studies consistently report over-
use injury rates of up to 76% in running populations coupled
to a great ﬁnancial load on the health care systems1. The
knee joint has been identiﬁed as the joint of major concern.
It is commonly referred to as ‘the runner’s knee’ where
unspeciﬁc pain occurs during or following running training.
The term summarises a number of possible different injury
mechanisms which are also characterised by various
structures being involved2,3. Lequesne et al.4 have con-
ﬁrmed runners to be at increased risk for developing
osteoarthritis (OA) in the knee. Skeletal malalignment, tibial
rotation and muscular imbalances have been connected to
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Received 7 November 2004.92knee injuries in the past1 but evaluations of dynamic joint
loading have only rarely been conducted5.
Animal studies are generally in agreement when looking
at mechanically manipulated knees simulated by either
meniscectomy, transection of cruciate ligaments, or valgus
osteotomies. All of these interventions consistently lead to
accelerated cartilage degeneration6e8. An inconsistent
picture evolves when looking at the effects of physiological
loads on intact knee joints. Several authors have addressed
a variety of mechanical, biochemical, and structural
parameters and have shown both negative as well as
positive effects of physiological loading on knee cartila-
ge9e14. Discrepancies might be explained by the fact that
different animal models and different exercise regimen were
used. The role of physiological mechanical load in the
development of cartilage degeneration of the knee joint
remains unclear.
The clinical importance of biomarkers to determine OA
onset has been investigated and it was suggested that one
single marker may not be sufﬁcient for diagnosis15.
However, COMP, a pentameric extracellular cartilage
matrix protein, has been suggested to relate cartilage
metabolism to acute tissue loading16. Recent advances in
medical imaging have been proposed to quantify cartilage5
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of an in vivo cartilage property assessment17. A combina-
tion of these approaches would offer a methodological
avenue for relating physical and biochemical tissue
reactions to activity induced load.
The aim of this study was to identify if relationships
between serum COMP changes, running induced knee
loading and the amount of decreases in knee cartilage
volume exist. To monitor mechanically induced changes to
the knee cartilage its volume was determined prior to and
immediately after the loading period. Running exercise was
chosen as the mechanical loading regimen since it
comprises of a repetitive loading pattern which can be
biomechanically quantiﬁed. A three-dimensional model of
the lower extremity was used to calculate resultant joint
torques and forces. It was hypothesised that changes in
knee cartilage volume will be modulated by individual
mechanical joint loading parameters. The second hypoth-
esis was that serum COMP alterations reﬂect cartilage
volume changes. The inﬂuence of individual factors such as
training status and body dimensions was to be included.
Material and methods
SUBJECTS
Eighteen trained individuals served as subjects for this
study which were recruited from local endurance sport
associations and by personal communication. They were
informed about the study procedures in detail and had to
sign a written consent form before entering the study. A
prerequisite for participation was to be free of injuries for
a minimum of 3 years prior to commencement of the study,
and showing no operative changes to both knees and legs.
Their anthropometric data and training habits are listed in
Table I. The number of subjects was chosen to allow for
a legitimate inclusion of up to three independent variables
into a multiple regression model (Table I).
SERUM COMP
Blood was collected prior to the onset of exercise, 25 min
after ending the training run, which was immediately after the
post-activity magnetic resonance imaging (MRI) and 2.5 h
after cessation of exercise. Blood samples were allowed to
clot and then centrifuged. Sera were frozen to 20(C and
stored until analysis. COMP concentrations were deter-
mined by a commercially available enzyme-linked immuno-
sorbent assay based on two monoclonal antibodies (COMP
ELISA reaction kit 14-1601-71, AnaMar Medical, Swe-
den). Procedures were performed according to manufactur-
er’s speciﬁcations. All samples were analysed at once to
maintain uniform speciﬁcity across individuals.MRI IMAGING AND ANALYSIS
MRI was used to determine the cartilage volume of the
knee joint in vivo. It has been shown that recent develop-
ments in scanning technique and image analysis allow for
a valid and reliable determination of knee joint cartilage
thickness and volume in human subjects18e21. According to
recent recommendations17 a fat-suppressed three-dimen-
sional Fast Field Echo protocol was used on a 1 T MRI
scanner (Gyroscan 1.0-NT, Philips Medical Systems,
Eindthoven, The Netherlands, with extremity coil, TR
52 ms, TE 5.9 ms). A 512! 512 Matrix was used with the
ﬁeld of view set to 150 mm, rectangular view 80%. The
resulting in-plane image resolution was 0.29! 0.59 mm2
with a slice thickness of 2 mm. Chosen scanning parame-
ters resulted in a high contrast of cartilage against adjoining
tissues [Fig. 1(A)]. According to individual skeletal geometry
the number of slices to cover a complete knee joint varied
between 50 and 55 resulting in scanning times from 20:36
to 22:42 min. Pilot experiments secured to realise the
positioning of the subject, execution of a pre-allocation
scan, and start-up of the imaging sequence in less than
1:20 min.
Several image analysis procedures have been proposed
to automatically extract the cartilage border from single
slices allowing for reconstructing the cartilage volume three-
dimensionally. As contrast between cartilage and joint
capsule decreases towards the edges of cartilage layers
most techniques proposed so far require a manual editing at
critical sites. Another effect which has been addressed is
the partial volume effect which makes it harder to identify
tissue margins if image plane and tissue surface are not
aligned perpendicularly17,22. This effect adds a relatively
larger variation towards the internal parts of the tibial
cartilage areas where the joint surface curvature increases
largely. It also has been shown that analysis procedures
can be improved to account for repositioning problems in
repeated scans in order to identify localised thickness
changes17. In the present study the focus was on gross
changes in cartilage volume, therefore, a modiﬁed tech-
nique was developed.
In general, the identiﬁcation of the cartilage border
towards the subchondral bone appears unproblematic
[Fig. 1(A)]. Opposed to procedures developed by
others17,22 manual editing set the ﬁrst step in the
segmentation process. A Matlab script (Matlab 6.1, The
Mathworks Inc., Nattic, MA) was designed which lets
the observer manually edit the joint surface including the
problematic borders in single images [arrows in Fig. 1(A)].
Inside the bone, cross-sectional area segments were cut
out generously. A new image was calculated preserving the
region of interest and in a second step thresholding was
applied to extract the border of the cartilage segment inTable I
Anthropometric data and training history of subjects (*statistically significant difference between males and females, PZ 0.05)
NZ 18 Age
(y)
Gender
(w/m)
Body mass
(kg)
Body height
(m)
BMI
(kgm2)
Training
exp. (y)
Weekly
dist. (km)
Training
pace (km/h)
Total 31.6 7/11 70.9 1.76 22.9 11.3 38.0 12.1
SD (7.8) e (11.1) (0.07) (2.8) (7.3) (15.1) (1.9)
Males 32.0 11 77.3 1.78 24.3 11.5 39.1 12.3
SD (9.1) (8.9) (0.06) (2.7) (6.9) (18.1) (3.1)
Females 30.7 7 60.4* 1.72 20.5* 9.4 36.4 11.9
SD (6.7) (8.4) (0.07) (1.3) (5.3) (19.3) (2.9)
exp.Zexperience; dist.Zdistance.
927Osteoarthritis and Cartilage Vol. 13, No. 10Fig. 1. Semi-automated segmentation of knee joint cartilage from MRI images. A: Manual editing of the joint surface including the edges of the
cartilage layer in the sagittal slice (white line). Arrows indicate the sites where fully automated techniques may require interactive editing. B:
Generated image which allows for a fully automated edge detection and subsequent three-dimensional reconstruction of the cartilage volume.
Comparable procedures were applied for the tibial and patellar cartilage layers.each single slice [Fig. 1(B)]. Cartilage volume was
calculated by summing up the number of included voxels
multiplied by voxel volume (Fig. 2).
Pilot experiments showed coefﬁcients of variation of less
than 1.6% for the femoral condyle, less than 2.1% for the
tibial cartilage, and less than 1.9% for the patellar cartilage
volume (ﬁve repetitions) with the same observer performing
the analysis. The total cartilage volume of each knee was
calculated by summing up these three individual volumes.
RIGID BODY MODEL
A three-dimensional rigid body model of the lower
extremity was used. The four segments were the thigh,
Fig. 2. Illustration of a segmented and reconstructed knee.
View from anterior, medial inferior. xZ anterior, yZmedial,
zZ proximal.leg, talus, and the foot segment. Their masses and inertial
properties were chosen according to the National Aero-
nautics and Space Admininstration (NASA) speciﬁca-
tions23. All joints were deﬁned as hinge joints with ﬁxed
axes. The axis of the knee joint was oriented as described
in the NASA reference data base. The tibio-talar and
subtalar joint axes were deﬁned according to Inman24. To
account for the problem of marker movement and to meet
the constraints given by ﬁxed joint axes a procedure was
applied which has been outlined brieﬂy in Kersting and
Bo¨hm25. The method has been evaluated and is docu-
mented elsewhere26. The deﬁnition of the joint axes allows
for the calculation of the talus orientation from the positional
data of the two adhering segments. The DADS software
package (DADS 9.5, CADSI, Coralville, IO) was used for
the model development and calculations.
The mechanical properties of the foot sole were included
in the model by six visco-elastic contact elements (Fig. 3).
Their mechanical properties were deﬁned by a similar
procedure as proposed by Wright et al.27 and located in the
foot coordinate system26. From the model, the resultant
ﬂexioneextension, varusevalgus, and internaleexternal
rotation torques were calculated. Moreover, the maximum
axial and horizontal joint contact force components acting
on the tibia segment in the shank joint coordinate system
were extracted.
DATA COLLECTION
Running trials were ﬁlmed using a Vicon six camera
system (Mcam, Vicon 8I, Vicon Motion Systems, Oxford,
UK) at a sampling rate of 250 Hz. Nine spherical reﬂective
markers of 25 mm diameter were afﬁxed at anatomical
landmarks. Marker trajectories were tracked and ﬁltered
using to Vicon Workstation software (Vicon Motion Sys-
tems, Oxford, UK). During running experiments, the
pressure distribution under the foot was measured by
a Pedar system (Novel GmbH, Munich, Germany). The
pressure insole was placed inside shoe. The Pedar system
was set to a sampling frequency of 120 Hz. It was
synchronised with the video system and the ground
928 U. G. Kersting et al.: Knee cartilage volume and COMPmm
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Fig. 3. Schematic of the procedure designed to allocate the contact elements in the foot coordinate system. A: foot outline with projections of
anatomical landmarks, B: 1:1 printout of maximum pressure picture, C: determination of coordinates for contact elements, tibio-talar joint (TTJ)
and subtalar joint (STJ) in the foot system, D: generation of a foot mask to calculate force time curves. The in-shoe pressure distribution was
measured during running trials. Forceetime curves were calculated using Novel-win software (Novel GmbH, Munich, Germany).reaction forces by acquiring the synchronisation output of
the Pedar system on one channel of the integrated AD-unit
of the Vicon system. Ground reaction forces were mea-
sured by a force platform (9281B Kistler Instruments,
Winterthur, Switzerland) and an eight-channel ampliﬁcation
unit (9863A Kistler Instruments). The force signals were
recorded at a sampling frequency of 1000 Hz onto the Vicon
system.
Surface electromyography (EMG) was used in a bipolar
conﬁguration to collect the muscular activities of ﬁve
muscles crossing the knee joint; the vastus medialis and
vastus lateralis of the quadriceps femoris, the medial and
lateral hamstrings and the gastrocnemius medialis. Skin
preparation and electrode positioning were carried out
according to surface electromyography for the non-invasive
assessment of muscles (SENIAM) guidelines28. Disposable
Ag/AgCl electrodes (N-00-S 25, Medicotest, Andernach,
Germany) and miniature ampliﬁers (Biovision, Wehrheim,
Germany) were used. Data were collected at 1000 Hz
simultaneously with the force signals. EMG recordings were
ﬁltered using a fourth order, zero phase lag Butterworth ﬁlter
with a pass band of 20e500 Hz. Subsequently, the signal
was full-wave rectiﬁed and a linear envelope using a time
window of 50 ms was applied. As any of these muscles was
activated more then 20% of its maximum amplitude
occurring during one whole step cycle it was deﬁned as
being active. Co-activation was determined as the time span
where at least one of the ﬂexors and one of the extensors
were active. This time was calculated during ground contact
and expressed as a percentage of contact time.
Running trials were performed on a 24 m long runway.
Running speed was controlled using two paired photo-
cells 1.2 m in front and 1.2 m behind the platform centre.
When the subjects felt comfortable with the condition ﬁve
successful trials were collected. Requirements were to hitwithout adjusting step length, and to have the required
running speed while crossing the platform (G5%). All
trials not meeting these criteria were not included in the
analysis.
TESTING SESSIONS
The training run and the biomechanical testing were
performed in two sessions. In Session I, a blood sample at
rest was abated initially. Following this, a pre-exercise MRI
scan was performed using the given parameters. Sub-
sequently, the subject was instructed to perform a 1 h
training run at maximum speed sustainable over that period
of time in a nearby park. Speed and distance were
controlled by a lab assistant using a bicycle with odometer
cycling along the subject during the run. The subjects had to
continue exercising until entering the MRI scanner and were
repositioned and scanned directly following the exercise
with no break in between. Further blood samples were
taken after ﬁnishing the second MRI scan (25 min post-
exercise) and at 2.5 h post-exercise.
In Session II, the participants were tested in the
biomechanics laboratory. Subjects had to use their own,
preferred shoes for both testing sessions and were tested at
either 3.5 or 4.0 m s1 depending on their average running
speed during the test run.
STATISTICAL PROCEDURES
Statistical differences for preepost comparisons were
carried out using paired t tests and repeated measures
analysis of variance with NewmaneKeuls procedure for
multiple comparisons. Group differences between males
and females were tested using a two sample t test.
A correlation matrix was calculated to test for signiﬁcant
929Osteoarthritis and Cartilage Vol. 13, No. 10relationships between parameters. Parameters which
demonstrated a signiﬁcant correlation to cartilage volume
change were entered into a regression analysis. A multiple
regression was employed to test to what extent the
variability of changes in cartilage volume can be explained
by related factors. Signiﬁcance for all statistical procedures
was tested at a level of aZ 5% (P! 0.05) using NCSS
(NCSS 2001, Kaysville, UT).
Results
SERUM COMP AND TRAINING HABITS
Females had a signiﬁcantly lower body mass
(PZ 0.0013) and body mass index (BMI) (PZ 0.0035)
than their male counterparts but did not differ in training
status and experience (Table I). COMP values taken prior to
exercise were signiﬁcantly lower for females as compared
to male runners in this study (6.11G 2.31 U/l and
9.03G 2.72 U/l, respectively, PZ 0.0286). Thus, changes
in COMP after the run will be expressed in relation to pre-
exercise values. The results for serum COMP concen-
trations are presented in Table II. Unexpectedly, the
average COMP value did not increase at either 25 min after
or 2.5 h after the run. However, Table II reveals that the
standard deviation and range of the mean COMP value
were notably increased post-exercise. This observation
indicates that changes may occur, but effects on single
subjects or subsets go into different directions.
CARTILAGE VOLUME
Statistical comparison demonstrates a highly signiﬁcant
decrease (PZ 0.0099) for the whole cartilage volume as
it was expected. Figure 4 illustrates the differences
showing relative cartilage volumes after the run while
absolute values are presented in Table III. It can be seen
that the femoral (PZ 0.0141) and the lateral tibial
(P! 0.0001) cartilage bodies show the greatest reduc-
tions in volume, while the medial tibia only demonstrates
a non-signiﬁcant decrease in volume. The difference at
the patella was signiﬁcant at PZ 0.0017. In total the
volume was reduced by 3% on average with the greatest
decrease being 9.6%.JOINT LOADING
From the model calculations the resultant joint torques
were obtained and are graphically presented in Fig. 5. The
average resultant joint torques and joint contact forces
expressed in the tibial joint coordinate system are given.
This coordinate system was chosen since the joint contact
force can be split into its compressive force and anterior-
eposterior component. The medialelateral force in the JCS
offers the smallest contribution to the total joint contact
force. Only minimal differences were observed between
male and female runners participating in this study.
Therefore, a presentation of these values has been omitted.
The group averages for the time of co-activation were
52.0G 5.4% and 55.0G 5.8% for males and females,
respectively. No statistically signiﬁcant difference for this
parameter was demonstrated.
CORRELATION ANALYSIS
A correlation matrix was calculated for parameters
describing the changes in volume, mechanical character-
istics and individual factors such as training status and
running experience. Table IV gives correlation coefﬁcients
for training related values and COMP parameters. Signif-
icant relationships were found for BMI and COMP at rest
Table II
COMP evaluation for the total sample as well as male and female
subgroups. A significant difference was shown between male and
female runners at all three times of COMP evaluation. No
differences were demonstrated between measurement times for
all groupings (*statistically significant difference between males and
females, P! 0.05)
Group COMP pre
(U/l)
COMP post
(U/l)
COMP 2.5 h
(U/l)
Gender
(w/m)
Total 7.81 8.15 7.72 7/11
SD (2.84) (3.14) (3.34)
Range 8.54 11.33 11.58
Males 9.03 9.65 9.20 11
SD (2.73) (3.10) (3.06)
Females 6.11* 5.83* 5.71* 7
SD (2.31) (1.80) (2.90)Relative volume post exercise
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Fig. 4. Relative cartilage volume post-exercise. Results are given for total volume and separate cartilage bodies (**P! 0.01; *P! 0.05) for
the whole sample. No differences were demonstrated between male and female athletes.
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Absolute values of cartilage volumes pre- and post-exercise (significant differences between pre- and post-measurements: *P! 0.05;
**P! 0.01)
Total volume (mm3) Volume femur (mm3) Volume tibia (mm3) Volume patella (mm3)
Pre Post Pre Post Pre Post Pre Post
Total 25,114** 24,373 14,351** 13,917 5985* 5829 4778* 4625
SD (3838) (3878) (2079) (2135) (1124) (1115) (898) (928)
Males 28,912** 28,025 16,505** 15,933 6955* 6792 5452* 5300
SD (3360) (3483) (1589) (1850) (1112) (1041) (923) (926)
Females 23,636** 22,990 13,531* 13,237 5531 5359 4573* 4392
SD (3013) (3230) (1870) (1971) (767) (873) (802) (880)(COMP pre) (PZ 0.0040) as well as for the decrease in
total cartilage volume with COMP at rest (PZ 0.0499) and
with the change in COMP following the training run
(PZ 0.0404). Table V contains a summary of correlation
coefﬁcients of mechanical parameters with volume changes
of the three cartilage bodies individually and the summed
changes. The time span of co-activation relates signiﬁcantly
to femoral (PZ 0.0321) and total (PZ 0.0359) volume
change while the medialelateral shear force and the
ﬂexioneextension torque demonstrate signiﬁcant correla-
tions with the tibial volume (PZ 0.0065) change and the
patellar volume change (PZ 0.0418), respectively. All
signiﬁcant correlations observed were moderate with r-
values ranging from 0.469 to 0.643. Figure 6 graphically
represents the linear correlations of total volume and COMP
value pre-exercise [Fig. 6(A)] and relative COMP change
25 min following the running exercise [Fig. 6(B)].
A limited number of signiﬁcant correlations within the
mechanical parameters were observed which are not listed
in Table IV. A linear regression was carried out with the total
volume change as dependent and the change in COMP as
independent variable.
Linear regression COMP change e volume change
Volume changeZ0:0609!COMP change0:0262; ð1Þ
with PZ 0.0404; r2Z 0.2372; power 0.554.
Adding COMP pre and Co-activation into a linear re-
gression model improved the prediction of the knee
cartilage volume change as given below.Linear regression COMP change e volume change,
COMP pre and Co-activation (Coact)
Volume changeZ 0:0405!COMP changeC0:0037
!COMP pre 0:0023
!CoactC0:0675; ð2Þ
with PZ 0.0167; r2Z 0.507; adjusted r2Z 0.407, power
0.799.
The standardized coefﬁcients (beta weight) are COMP
pre 0.3236, Co-activation 0.3974, COMP change
0.3252.
Discussion
The present study aimed at relating changes in cartilage
volume of the knee joint after a deﬁned period of running
exercise to in vivo joint loading determined by a biomechan-
ical model of the lower extremity. Simultaneously, serum
COMP concentration was monitored prior to and after the
run, which has been suggested as an indicator of short term
cartilage loading. Eighteen healthy active runners were
included in the analysis. It was hypothesised that serum
COMP changes will relate to changes in volume, which
would be modulated by mechanical factors such as
compressive forces, constraint torques or muscle activity
related forces.
The main results were that a volume change caused by
the running exercise correlated signiﬁcantly with restingEffective Joint Contact Force
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Fig. 5. Effective joint loading. These graphs represent the effective joint contact forces and torques in the joint coordinate system of the tibia.
Only marginal, statistically non-signiﬁcant differences between male and female runners were observed.
931Osteoarthritis and Cartilage Vol. 13, No. 10COMP levels and with the relative change of COMP after
the training run. Net joint contact forces as well as net joint
torques did not correlate with the change in COMP or total
volume. In only two cases volume changes of certain
distinguished cartilage bodies of the knee were signiﬁcantly
correlated to some net joint loading parameters. The
main mechanical factor showing a signiﬁcant relationship
to decreases in total cartilage volume was the time of
co-activation of ﬂexors and extensors crossing the knee
joint as a percentage of ground contact time. A multiple
regression analysis revealed the best prediction of cartilage
volume change by combining resting COMP, the change in
COMP and the time of ﬂexoreextensor co-activation.
The sample average of serum COMP corresponds to
ranges reported previously by other authors29. Studies on
animal and human tissues did show increased COMP
levels as indicator for the onset of degenerative joint
disease30e32. Jordan et al.33 and Muendermann et al.34
have demonstrated higher COMP values for Caucasian
males as compared to females as well as a positive
correlation with BMI, which is in agreement with the present
data set. Neidhart et al.16 showed that serum COMP in
experienced runners is signiﬁcantly elevated compared to
sedentary controls even after not running for at least 3
weeks. This is not the case for the current sample which
might indicate a lower training status. Alternatively, it may
be possible that some of the runners in the Neidhart study
may have suffered from early stage degenerative joint
disease. Both interpretations support the notion that the
current sample was free from early stage cartilage de-
generation. Absolute values show a considerable variation
Table IV
Correlations of COMP values and training related parameters
(*P! 0.05)
Age BMI Weekly
dist.
COMP
pre
COMP
change
BMI 0.125 1
Weekly dist. 0.307 0.023 1
COMP pre 0.015 0.643* 0.225 1
COMP change 0.168 0.118 0.423 0.285 1
Total volume
change
0.087 0.162 0.467 0.469* 0.487*over all participants which has been mentioned previously
by Clark et al.29. Neidhart et al.16 reported a signiﬁcant rise
in COMP during a marathon run at approximately 2:30 h
after onset of running exercise while Muendermann et al.34
demonstrated a COMP rise after 30 min of walking
exercise. The latter authors could also show a second
increase in serum COMP 5.5 h after exercise. However,
changes of serum COMP are likely to be modulated by
other chemical regulators or physical reactions like lym-
phatic drainage. How these may interact at or after onset of
exercise is not known16,34. COMP has been identiﬁed as an
important constituent of the non-collagenous matrix within
the hyaline cartilage. Its exact role in the regulation of tissue
metabolism is not fully understood but it can be argued that
COMP and COMP fragments reach the synovial ﬂuid and
transfer into the blood through the joint capsule35 following
mechanical load. It has to be stressed that the COMP
evaluation presented here was not conducted to determine
the presence or the degree of OA in the athletes tested. It
was primarily aimed at providing a metabolic marker which
relates to acute cartilage matrix loading.
It may be argued that a one hour run will not impose
loading on the knee joint alone and that therefore COMP
Table V
Correlations of mechanical parameters and volume changes Co-
act timeZ relative time span of knee flexors and extensors being
co-activated; Max Tflex-extZmaximum flexioneextension torque
at the knee joint; Max Tvar-valZmaximum varusevalgus torque;
Max Tinv-evZ maximum inversioneeversion torque; Max
FapZ maximum anterioreposterior joint contact force;
Max FcompZmaximum compressive joint contact force; Max
FmlZmaximum medialelateral joint contact force; FapApatZ an-
terioreposterior force per patellar cartilage area; FcompA-
tibZ compressive force per tibial cartilage area (*P! 0.05)
Volume change Total Femur Tibia Patella
Co-act time 0.497* 0.506* 0.129 0.039
Max Tﬂex-ext 0.294 0.125 0.141 0.553*
Max Tvar-val 0.174 0.248 0.117 0.282
Max Tinv-ev 0.112 0.135 0.075 0.108
Max Fap 0.075 0.111 0.344 0.377
Max Fcomp 0.182 0.210 0.378 0.311
Max Fml 0.065 0.004 0.616* 0.234
FapApat 0.226 0.243 0.165 0.161
FcompAtib 0.132 0.111 0.143 0.236A
p = 0.0404
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Fig. 6. Graphical presentation of linear correlations for the change in cartilage volume and resting COMP (A) and the change in serum COMP
concentration (B).
932 U. G. Kersting et al.: Knee cartilage volume and COMPcould be released from other joints as well as other tissues
as it has been identiﬁed in ﬁbrocartilage, tendon and other
connective tissues36,37. Within the study design used it
cannot be with certainty excluded that this is the case.
However, it was ascertained that these runners were free of
any running induced problems or injuries and that they were
not training at extreme levels. This was supported by the
non-elevated resting COMP levels as indicated above.
Further, the knee joint is the largest joint in the human
body38 and experiences the greatest amount of stress
during running. It was therefore assumed that any changes
induced by the running exercise would mainly affect the
knee joint.
The presented absolute values for the total knee cartilage
volume are approximately 12% greater as compared to
seven subjects analysed by Westhoff et al.20 and eight
subjects reported by Eckstein et al.39. The mean ages and
ranges of both of their samples were larger than for the
present group of subjects. This might in parts account for
the differences observed. Eckstein et al.17 have reported
that the cartilage volume differs signiﬁcantly for women but
not for men between age groups. Mere individual differ-
ences in subjects may explain the different absolute values
whereas differences in methodology could also play a role.
For the present sample no signiﬁcant correlation of the total
knee cartilage volume or the volume decrease due to the
run with age, weight or body height was apparent,
demonstrating that these factors did not affect the ﬁndings
presented here. Mu¨hlbauer et al.40 could not demonstrate
differences in cartilage thickness when comparing well
trained triathletes with untrained controls. Therefore, an
inﬂuence of the training status was not expected and also
not found when correlating weekly training distances
(rZ0.06) or years of continuous running training
(rZ 0.21) to total knee cartilage volume or the volume of
any of the distinguished cartilage bodies prior to the training
run. The calculated decrease in volume, however, matches
previous ﬁndings which supports the adequateness of the
method applied. Eckstein et al.17 presented an average
decrease of about 5% for running for approximately 10 min
in patellar cartilage. Their data comprised standard devia-
tions of about 2% for the relative volume change asobserved after running exercise. It can therefore be
concluded that the methods employed in the current study
produced coherent results. Further activities used in their
study were walking and knee bends at different depths. The
results suggest a loading magnitude dependent volume
decrease but no biomechanical or individual evaluation of
experienced joint loading was performed.
The model calculations provided the resultant joint forces
and their components in compressive and shear direction in
the knee joint. Moreover, resultant joint torques around
three axes of rotation were calculated. Since the joint
surface of the tibial plateau is oriented approximately
perpendicular to the longitudinal axis of the leg the joint
contact forces in the tibial joint coordinate system were
calculated. Figure 7(A) gives a schematic representation of
the knee joint in the sagittal plane at a knee angle which
approximately represents the instant when Fcomp shows its
maximum. In Fig. 7(B), the anterioreposterior and com-
pressive forces are plotted for this instant. These force
components will have to be carried primarily by the patellar
and tibial cartilage bodies, respectively. Figure 7(A) may
suggest that the shear forces in the anterior direction might
be covered by the patella, which limits the femur from
moving forward. However, other passive structures as
ligaments or menisci will presumably share a high pro-
portion of the load. The ratio of the absolute values for the
effective force components with the projected areas of the
patellar and tibial cartilage bodies was calculated and did
also not reveal any signiﬁcant correlations to the resulting
loss in volume of the respective cartilage bodies (Table V).
It has to be emphasized that the calculated forces and
moments are net quantities and, therefore, can not be
interpreted as true contact forces.
When estimating true joint contact forces during a dy-
namic activity a large contribution has to be expected by
muscle contractions. Wright et al.27 have predicted muscle
forces to be several thousand Newtons during tasks such
as running. Since a considerable amount of co-activation
occurs during the stance phase in running41 it becomes
likely that net quantities as provided by the current model
only accentuate minimum values for true joint loading. For
example, the patella can only prevent a forward movementFig. 7. Joint forces in sagittal plane. A: graphical representation of the joint contact forces. B: Average forces for the whole sample.
933Osteoarthritis and Cartilage Vol. 13, No. 10of the femur as long as the quadriceps is producing
a sufﬁcient amount of force. The inclusion of muscles into
the model would offer a way to address their contribution to
joint forces. A validated model which allows for an inclusion
of muscles as well as individual joint geometry is currently
not existent. However, the correlation analysis carried out
revealed that the changes in total cartilage volume and
accordingly in the individual cartilage bodies were signiﬁ-
cantly correlated to the time of co-activation as represented
in Table V.
Entering the three factors signiﬁcantly correlated to total
cartilage volume change into a multiple regression model
resulted in a prediction of the total volume change at
PZ 0.0167. This represents a marked improvement
against a linear regression of volume change and COMP
change as demonstrated in Eqs. (1) and (2). The relation-
ships given in the second equation mean that runners with
higher resting COMP are likely to experience a reduced
change in volume [Fig. 6(B)]. If a runner demonstrates a rise
of serum COMP after running a greater volume loss is to be
expected. Finally, if an increased level of co-activation
during ground contact is present the volume loss will be
further increased. The standardized coefﬁcients indicate
a slightly greater contribution of the factor co-activation to
the explanation of variance of volume change as compared
to COMP pre and COMP change. However, all three factors
contributed by about the same magnitude to the prediction
model.
Elevated levels of resting COMP may demonstrate
a higher cartilage metabolism rate or simply a higher usage,
which may explain the signiﬁcant positive correlation with
BMI (Table IV). COMP is released into synovial ﬂuid and
blood in its intact and fragmented form, possibly reﬂecting
and caused by simply turnover or cartilage break down,
respectively42. In fact, the ELISA kit used is not capable of
differentiating between various fragmented forms of COMP.
Therefore, it cannot be concluded if increased serum levels
represent cartilage catabolism or just an elevated metabolic
rate. Similarly, it cannot be uniquely identiﬁed which
processes lead to increases or decreases of COMP levels
following activity.
It is likely that a volume decrease relates to a release of
aggrecan as well as COMP from the cartilage matrix which
is represented by the observed signiﬁcant correlation
between volume loss and COMP change. In conjunction
with the observation that a higher level of muscular co-
activation increases the amount of volume loss after
running it can be concluded that mechanical load deter-
mines the tissue reactions of knee joint cartilage. Based on
the data presented it cannot be derived if a more pro-
nounced volume loss has to be considered as negative or
positive.
Conclusions
An integrated approach was presented to investigate the
effect of load experienced during an intense running training
session. A signiﬁcant relationship of metabolic and volu-
metric parameters was demonstrated with muscular co-
activation being the main contributing biomechanical factor.
To further understand the effects of activity induced
mechanical loading, reﬁned biomechanical models are
required. Also, more detailed biochemical analyses need
to be employed to determine if running induced mechanical
loading has a positive or negative impact on knee joint
cartilage.Acknowledgement
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